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Introduction
A rotating gantry, which directs hadron beams to target tumours from any of the medically desired angles for cancer therapy [1] [2] [3] , is one of the attractive applications of magnets wound with coated conductors. Because many electromagnets, which guide hadron beams, are installed in a rotating gantry, magnets with higher fields and less weight enable us to reduce the dimensions and weight of a rotating gantry. Superconducting magnets offer both of these advantages compared with copper magnets [4, 5] , the magnetic fields of which are limited by the magnetic saturation of iron poles, and which are much heavier due to the use of heavy iron return yokes. Additionally, magnets made with high T c superconductors (HTS) such as coated conductors have an advantage over low T c superconductor magnets due to their potential to operate at higher temperatures where higher cooling power is available with a cryocooler, because substantial ac loss must be removed when a magnet is excited by a temporally changing current [6] .
However, the wide monolithic shapes of coated conductors would lead to significant magnetisation (screening or shielding current), which might cause serious deterioration of the field qualities of the magnets. Various authors have studied the influence of the magnetisation of high T c superconductor tapes on the field qualities of magnets [7] [8] [9] [10] [11] [12] [13] [14] [15] . Most of these previous works focus on axisymmetric coils whose applications are mainly related to nuclear magnetic resonance (NMR) [7] [8] [9] [10] [11] [12] . NMR magnets are excited with dc currents and are required to generate extremely stable magnetic fields. Meanwhile, many magnets in accelerator systems, such as the beam-bending dipole magnets in synchrotrons or rotating gantries for hadron therapy, are excited with temporally changing currents to generate magnetic fields with specific temporal profiles (temporal variations). In the current rampup/ramp-down phases of a magnet, the electromotive force induces screening currents in coated conductors: the currentdensity distributions in coated conductors are determined by the electromotive force and the finite electric field-current density (E-J) characteristic of the superconductor. When the magnet current is kept constant, the screening currents gradually decay because of the finite E-J characteristic of the superconductor, and consequently the current-density distributions gradually change. This temporal behaviour of the current-density distributions has peculiar time-dependent effects on the magnetic fields generated in accelerator magnets [15] . Because the magnets in rotating gantries must generate magnetic fields with particularly complicated temporal profiles to transport charged particles with various energies [1] [2] [3] , studying the time-dependent behaviour of their magnetic fields is important.
The purpose of the current study is to investigate the applicability of coated conductors to the dipole magnets in rotating gantries for hadron cancer therapy in terms of the influence of magnetisation on the field quality. The field quality was evaluated using the multipole components of the magnetic field (magnetic field harmonics). We focused on the stability and reproducibility of the multipole components as well as their magnitudes, because the influence of magnetisation might be manageable as long as the multipole components are stable and reproducible, even if their magnitudes are affected by magnetisation. We carried out electromagnetic field analysis on the cross section of a cosine-theta dipole magnet in a rotating gantry for carbon ions to obtain the temporal evolutions of the current-density distributions in all the turns of coated conductors. Although the influence of the coil ends with three-dimensional shapes is important, we confined ourselves to the analysis of cross sections of the magnet in this study. From the obtained current-density distributions, we calculated the multipole components of the magnetic field and then evaluated the field quality of the magnet.
This paper is organised as follows. The specifications and geometry of the cross-sectional model of the dipole magnet for analysis are shown in section 2, together with a brief explanation on the multipole expansion of two-dimensional (2D) magnetic fields. Section 3 provides the theoretical model for the analysis, the E-J characteristic of the superconductor used in the analysis, the critical current-magnetic flux density (I c -B) curves and load lines of the magnet, and the temporal profile of the magnet current. In section 4, we present the results of the analysis and discuss the applicability of coated conductors to the dipole magnets in rotating gantries for hadron cancer therapy. Finally, section 5 presents our conclusion.
2. 2D magnetic fields and cross-sectional model of dipole magnet 2.1. Multipole expansion of 2D magnetic fields [15] [16] [17] In Cartesian coordinates, an arbitrary 2D magnetic field can be expanded using multipole components as
where r 0 is a reference radius, B n is the normal 2n-pole component of the magnetic field, and A n is the skew 2n-pole component of the magnetic field. In dipole magnets, B n and A n are normalised by the magnitude of dipole component B 1 .
Then, normalised components b n and a n are expressed as
In this study, we call them 2n-pole coefficients.
A set of line currents I with dipole symmetry, as shown in figure 1 , generates the following magnetic field without any skew component:
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Cross-sectional model of a cosine-theta dipole magnet for analysis
We designed the cross section of a cosine-theta dipole magnet using coated conductors. By referring to the magnet design presented in [4] , we designed it to generate 2.90 T of dipole component of magnetic field with higher multipole coefficients of less than 1×10 −4 [18] . We assumed that the current uniformly flows across the width of each coated conductor without any magnetisation current: we modelled each coated conductor with identical ten line currents on its superconductor layer. The relative permeability of iron was assumed to be infinite, and the influence of the iron return yoke was considered using the image current of each line current in the coated conductors. Because laminated silicon steel is used for the iron return yokes in real superconducting magnets for rotating gantries [5] , the eddy current in a return yoke is negligible, and its response against a temporal change of magnetic field is rapid enough. To simplify the design, no wedges were used, and all coated conductors were radially arranged. The magnet consisted of six layers of coils. The positions as well as the numbers of turns of coated-conductor blocks in the inner two layers were iteratively adjusted until the higher multipole coefficients became less than 1×10 −4 . The specifications of the designed magnet are listed in table 1, and its cross section is shown in figure 2 , together with the magnetic flux lines. The figure shows the conductor arrangements in the first quadrant (x>0 and y>0), but the conductors are arranged with dipole symmetry in the other quadrants. The current in the -z direction in the first quadrant and the corresponding currents in the other three quadrants with dipole symmetry generated the dipole magnetic field in the +y direction.
Theoretical model and conditions for analysis
3.1. Theoretical model for the numerical electromagnetic field analysis [15, 19, 20] The cross section of the magnet was modelled using an assembly of infinite and straight coated conductors, as described in section 2.2. We derived the equation for numerical electromagnetic field analysis from Faraday's law, Biot-Savart's law, and extended Ohm's law, where the nonlinear equivalent conductivity σ of a superconductor replaces the constant conductivity. Because the superconductor layer of the coated conductor is very thin, we applied the thin-strip approximation [21] , where only the current-density component tangential to the superconductor layer is taken into account, and its normal component is neglected. Finally, we obtained the following equation formulated using the current vector potential T, which is defined as J=∇×T:
Here, T and T′ are the current vector potential at the field point (the point where the field (potential) is calculated) and the source point (the point where a current flows to generate the magnetic field at the field point), respectively. y i is the lateral Larger reference radius and radius of magnet bore were assumed as compared to the designs shown in [4] , considering the beam curvature. coordinate on the i-th coated conductor where a field point resides, and y ' j is the lateral coordinate on the j-th coated conductor where a source point resides. r(y i , y ' j ) is the distance between field point y i on the i-th coated conductor and source point y ' j on the j-th coated conductor. t s is the thickness of the superconductor layer. M is the number of coated conductors composing the magnet, i.e. the number of turns of the magnet. It should be noted that the timedependent current I(t) in each coated conductor can be given by the boundary condition as
where T 1 (t) and T 2 (t) are the current vector potential at the edges of the superconductor layer [19, 21] . The influence of the iron return yoke was considered using image currents.
E-J characteristic of the superconductor
We used the E-J characteristic, which depends on the magnitude of magnetic field B as well as its orientation against the normal vector of the wide face of each coated conductor j, i.e.
where the temperature was set to 20 K. This E-J characteristic was formulated using the percolation depinning model based on the measured voltage-current (V-I) curves of a coated conductor (5 mm wide; with IBAD template on Hastelloy substrate; critical current of 166 A at 77 K and self magnetic field) at various B and j values at 20 K [22] [23] [24] [25] . The details of the E-J characteristic are described in the appendix. The equivalent conductivity of the superconductor σ(J, B, j) was, then, derived as
This equivalent conductivity of the superconductor was used in equation (5) .
It should be noted that the E-J characteristic, i.e. the equivalent conductivity, is temperature-dependent. Therefore, the temporal and/or spatial variation in coil temperature could influence the current distribution in a coil, and then the field quality. Aluminium sheets with high thermal conductivity are usually used in conduction-cooled HTS magnets in order to cool them uniformly. In rotating-gantry magnets, which must generate time-dependent magnetic fields, cooling ac losses to maintain constant and uniform temperature is particularly important from the viewpoint of field quality.
I c -B curves and load lines of the magnet
From the E-J characteristic presented in section 3.2, we can calculate the critical current density J c at which E becomes 1×10 −4 V m −1 . Here, we provide I c using the product of J c and the superconductor cross section t s w s . The I c -B n , I c -B t , and I c -|B| curves are shown in figure 3 , where B n and B t are the magnetic flux density components normal and tangential, respectively, to the wide face of the coated conductor. The load lines of the magnet against B n , B t , and |B| are shown in the figure, together with maximum magnet current I 0 .
Temporal profile of the magnet current for analysis
An example of the temporal profile of the magnetic field of the magnets in a rotating gantry for carbon cancer therapy is shown in figure 4 [5] . This temporal profile is for treatment of a patient. At each step of the ramp-down phases, carbon ions with a constant energy are transported and are irradiated. A couple of ramp-down phases correspond to the irradiations from different angles using the rotating gantry. This type of temporal profile is repeated for treatment of patients, and the interval between the treatments of two patients is, for example, approximately 5 min. Here, we use the multipole components of the magnetic field (multipole coefficients) as a measure of the field quality. In the magnets in rotating gantries, our concerns on the influence of magnetisation relate to the following:
1. The magnitudes of the multipole components affected by magnetisation; 2. The stability of the multipole components at each step in the ramp-down phase, in a treatment during which the magnet must transport carbon ions with a constant energy; and 3. The reproducibility of the multipole components in repeated ramp-downs (excitations), i.e. in angle-byangle or patient-by-patient irradiations.
To clarify the extent of the influence of magnetisation on these characteristics of the multipole components, we simplified the temporal profile shown in figure 4 and designed a temporal profile of the magnet current for numerical electromagnetic field analysis as shown in figure 5 . The same temporal pattern is repeated twice, which simulates irradiation treatment of two patients: each patient is irradiated from an angle (one ramp-down phase). FT-1 and FT-2 denote the first and second flat tops, where the current is I 0 ; Sk-1 and Sk-2 denote the steps in the first and second ramp-down phases where the current is I k (k=1, 2, 3, 4) . t 0,FT-1 and t 0,FT-2 denote the start times of FT-1 and FT-2, respectively; t 0,Sk-1 and t 0,Sk-2 denote the start times of Sk-1 and Sk-2, respectively. Δt FT denotes the duration of each flat top; Δt S denotes the duration of each step. The parameters that define the details of the temporal profile are listed in table 2.
Results and discussion
4.1. Non-uniform current-density distributions caused by magnetisation and affected multipole components Figure 6 shows the current density in the cross section of the magnet at t=t 0,S1-2 +Δt S /2 when the current ramp-down rate dI/dt is −3 A s −1 . The magnetisation of the coated conductors apparently causes non-uniform current-density distributions in the coated conductors. It should be noted that the current-density distribution maintains dipole symmetry if the original arrangement of the coated conductors is dipolesymmetric. Figures 7(a) and (b) show the lateral currentdensity distributions across the width of coated conductors A and B shown in figure 2 , respectively, where the positive direction of the current density in these figures is the +z direction in figure 2 . In these figures, the negative lateral direction (the direction from 0 to -2.5 mm along the width of the coated conductor) points to the central axis of the magnet (x=0 and y=0 in figure 2) . Here, we briefly explain how the current-density distributions shown in figure 7 (a) appear in coated conductor A. During the current ramp-up, a magnetisation (screening) current is induced in the -z direction on the negative lateral side of the coated conductor and in the +z direction on the positive lateral side of the coated conductor by the electromotive force induced by positive ∂B y /∂t. This magnetisation current is superposed on the transport current in the -z direction. The resulting current-density distribution remains at the flat top of the current profile (t=t 0,FT-2 +Δt FT in figure 7(a) ). During the current ramp-down (t=t 0,FT-2 + Δt FT →t 0,S1-2 +Δt S /2→t 0,S4-2 +Δt S /2 in figure 7(a) ), a magnetisation (screening) current is induced in the +z direction on the negative lateral side and in the -z direction on the positive lateral side by the electromotive force induced by negative ∂B y /∂t: the current reversal starts at both edges of the coated conductor, as shown at t=t 0,S1-2 +Δt S /2 in figure 7(a) . The critical current density in coated conductor A is lower than that in coated conductor B, because the applied magnetic flux density is more normal in the former than in the latter, as shown in figure 2 , whereas the magnitude of the magnetic flux density does not differ substantially. This difference in the critical current densities leads to the difference in the current densities at the plateaus in the lateral current-density distributions shown in figures 7(a) and (b) .
The time-dependent current-density distributions in the coated conductors should generate time-dependent multipole components. Figure 8 shows the temporal changes in the influence of the magnetisation on the multipole components, Figure 5 . Temporal profile of the magnet current for numerical electromagnetic field analysis that simulates irradiation treatment of two patients. FT-1 and FT-2 denote the first and second flat tops, where the current is I 0 ; Sk-1 and Sk-2 denote the steps in the first and second ramp-down phases where the current is I k (k=1, 2, 3, 4). t 0,FT-1 and t 0,FT-2 denote the initial times of FT-1 and FT-2, respectively. t 0,Sk-1 and t 0,Sk-2 denote the initial times of Sk-1 and Sk-2, respectively. Δt FT denotes the duration of each flat top. Δt S denotes the duration of each step. defined as
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where B n is the normal 2n component considering magnetisation, and B n,d is the designed normal 2n component without magnetisation, i.e. assuming uniform current-density distribution in each coated conductor. The maximum of |ΔB 1 | is approximately 25 mT, which is approximately 1% of the designed maximum dipole component. It can be compensated by slightly adjusting the current in the dipole magnet itself (approximately 1% of the maximum current) or by adjusting the magnetic field of the subsequent steering magnet in the gantry beamline. It should be noted that a slight change in the current in the dipole magnet at this level has little influence on the current-density distributions in the coated conductors. Therefore, the higher multipole components hardly vary. We qualitatively investigate the relationship between the current-density distributions in the coated conductors and ΔB 1 . During the current ramp-up, the magnetisation current in the -z and +z directions induced on the negative and positive lateral sides, respectively, pushes the centre of the negative current flowing in this coated conductor to the negative lateral direction, i.e. a in figure 1 decreases. Therefore, the induced magnetisation current increases B 1 according to equation (4) . However, because the conductor is filled with negative current by the increasing magnet current, the centre of the negative current returns to the geometrical centre of the coated conductor. Ultimately, if the conductor current reaches its critical current, the current density at any position would be -J c : the centre of the negative current would almost agree with the geometrical centre of the coated conductor, which might explain why ΔB 1 returns to zero at the end of the current ramp-up. During the current ramp-down, the magnetisation current in the +z and -z directions on the negative and positive lateral sides, respectively, pushes the centre of the negative current flowing in this coated conductor to the positive lateral direction. It decreases B 1 according to equation (4).
Stability of multipole components at each step
From the practical treatment point of view, the stability of the magnetic field at each step where carbon ions with a constant energy are transported is important. In this subsection, we look at the temporal changes in ΔB 1 , b 3 , and b 5 at each step in the second ramp-down phase. figure 10 . It should be noted that these changes are much smaller than the magnitude of the current density shown in figure 7 (t=t 0,S4-2 +Δt S /2). The changes are negative and positive on the negative and positive lateral sides of the coated conductor, respectively, because they are caused by the decay of excessive induced current in the ramp-down phase as explained below. The change in the current density (the decrease in its absolute value) is most notable in the earliest 2 s period (ΔJ 2 s−0 s ). As the consequence, ΔB 1 and b 3 changed most noticeably in this 2 s period, as shown in figure 9 . Furthermore, the change in the earliest 2 s period (ΔJ 2 s−0 s ) for dI/dt=−8 A s −1 shown in figure 10(b) is more noticeable than that for dI/dt=−3 A s −1 shown in figure 10(a) . This is the reason for more obvious changes in ΔB 1 and b 3 when dI/dt=−8 A s
When dI/dt is −3 A s −1 , the temporal evolutions of E, ρ sc , which are calculated by dividing E by J, and J at the edge (lateral position=−2.5 mm) of coated conductor A are plotted on the E-J curve in figure 11(a) and on the ρ sc -J curve in figure 11(b) . Here, these curves were calculated using equations (A.1)-(A.8) with the parameters listed in table A.1 with B=1.61 T and j=0. In the ramp-down phase, the temporally changing magnetic flux density should induce an electromotive force, which can induce higher current density in the coated conductor. As shown in figures 11(a) and (b), this induced high current density (3.8×10 10 A m −2
) remains at the beginning of the step (t=t 0,S4-2 ), where E=7.3×10 −5 V m −1 and ρ sc =1.9×10 −15 Ωm. During this step where no electromotive force induces a current, the current density decreases with time, as shown in figures 11(a) and (b), due to the equivalent resistivity of the superconductor shown in figure 11(b) . When dI/dt is −8 A s −1 , the temporal evolutions of E, ρ sc , and J at the edge of coated conductor A are plotted on the E-J curve in figure 12(a) and on the ρ sc -J curve in : (a) on the E-J curve and (b) on the ρ sc -J curve. Both curves were calculated using equations (A.1)-(A.8) with the parameters listed in table A.1 with B=1.61 T and j=0 for coated conductor A. figure 12(b) . When dI/dt is changed from −3 A s −1 to −8 A s −1 , the induced electromotive force should increase by a factor of 8/3. In figure 12(a) , where dI/dt is -8 A s −1 , E at the beginning of the step
, which is roughly 8/3 times larger than the E value of 7.3×10 -5 V m -1 at the same timing for dI/dt=-3 A s −1 in figure 11(a) . Larger E on the E-J curve leads to larger ρ sc , as shown in figure 12(b) , and to a greater change in J. Finally, a greater change in the current-density distribution causes a greater change in ΔB 1 , b 3 , and b 5 .
The above-described argument can be summarised by using the plots of J and ρ sc against time for dI/dt=−3 A s
and -8 A s −1 shown in figure 13 . Figure 13(a) shows the temporal change in J at the edge of coated conductor A, whereas figure 13(b) shows the temporal change in ρ sc at the same location. In the earlier period of the step, higher ρ sc shown in figure 13 (b) should cause more rapid decrease in J shown in figure 13(a) , and then more rapid change in ΔB 1 and b 3 as shown in figure 9 . When comparing the plots for dI/dt=-8 A s −1 with those for dI/dt=−3 A s −1 , larger E induced by larger dI/dt (-8 A s −1 ) results in the higher initial ρ sc shown in figure 13(b) , and then causes the more noticeable decrease in J shown in figure 13(a) . This may explain more obvious changes in ΔB 1 and b 3 when dI/dt is -8 A s −1 .
Stability at step with high load rate of magnet current
(S1-2). Figure 14 shows the temporal changes in ΔB 1 , b 3 , and b 5 at S1-2 (magnet current I=161 A) when dI/dt is -3 A s −1 and -8 A s −1 . The changes at S1-2 (figure 14) are much smaller than those at S4-2 ( figure 9 ). The changing rates of ΔB 1 and b 3 are almost constant in the entire step, and dI/dt does not influence ΔB 1 and b 3 .
The changes (increments) in the current density in coated conductor A in 2 s periods are shown in figure 15 . The current density changes most notably inside the coated conductor at S1-2, whereas it changes most notably near the edges of the coated conductor at S4-2. At S1-2, the most notable changes in the negative and positive lateral sides of the coated conductor are positive and negative, respectively, i.e. the reverse of the changes at S4-2. They are not caused by the direct decay of excessive induced current in the ramp-down phase but by the local diffusion of magnetic flux (current) inside the coated conductor. Therefore, no notable change in the current density appears in the earlier period of the step, and hence no rapid change appears in ΔB 1 and b 3 . Furthermore, dI/dt hardly influences the change in the current density, and hence ΔB 1 and b 3 . 
Reproducibility of multipole components in repeated excitations
Figures 16 and 17 show the comparisons between the temporal changes in ΔB 1 at the first and second flat tops as well as the steps in the first and second ramp-down phases when dI/dt is −3 A s −1 . In figures 17(a)-(d), although the two curves in each figure are quite similar, i.e. the time constants of the changes in ΔB 1 in the first and second ramp-down phases are almost identical, certain differences exist in the values of ΔB 1 , i.e. B 1 , in the first and the second ramp-down phases. The difference between ΔB 1 at S1-1 and S1-2 is approximately 0.8 mT, which is approximately 0.03% of B 1,d (2.59 T). The difference between ΔB 1 at S4-1 and S4-2 is approximately 0.5 mT, which is also approximately 0.03% of B 1,d (1.59 T). Similar changes are observed in the experiments using a small test magnet cooled in liquid nitrogen [15] . It should be noted that the differences become smaller, i.e. B 1 becomes more reproducible, with increasing numbers of excitations in the experiments. The detailed responses (ΔB 1 ) to various repeated excitations should be clarified theoretically and/or experimentally using various magnets. A possible countermeasure to the changes in ΔB 1 , i.e. B 1 , in the repeated excitations is the feedforward control of the current of the dipole or the steering magnet based on ΔB 1 in the previous excitations as well as the clarified responses. 
Applicability of variations in temporal profile of the magnet current
The temporal profile of the magnet current is varied from the viewpoint of the treatments. Its variation may influence the time-dependent current-density distributions, and thus may affect the reproducibility of the magnet field.
Here, we consider the applicability of the variations in the temporal profile of the magnet current using the critical state model. If we use the current ramp-down phase for treatments, the magnet must always be excited to the maximum current (the maximum magnetic field) before the current ramp-down to maintain reproducibility. The currentdensity distribution in a coated conductor carrying the maximum current and exposed to the maximum magnetic field is always identical and does not depend on the excitation history. Therefore, the current-density distributions in coated conductors are determined uniquely by the magnet current when the current is ramped down monotonically from this initial state. In this manner, we can keep the reproducibility of the magnetic field (multipole components). Stopping rampdown at an intermediate current does not affect the reproducibility if we ramp up the current to the maximum before the next ramp-down for treatment.
More precisely, because the finite E-J characteristic of superconductors causes relaxation in the magnetisation, the variations in the temporal profile inevitably influence the reproducibility to some extent.
Conclusion
We have studied the influence of coated-conductor magnetisation on the multipole components of the magnetic field in a cosine-theta dipole magnet in a rotating gantry for carbon cancer therapy. The deviation in the dipole component from its designed value was up to approximately 25 mT, which was approximately 1% of the designed maximum dipole component. Its variation between repeated excitations was approximately 0.03%, and it drifted by approximately 0.06% in 10 s of a step in the temporal profile (temporal variation) of the magnet current where carbon ions with a constant energy would be transported. The dipole component as well as the sextupole component drifted more in the earlier period of the step when the load rate of the magnet current was low. The current ramp-down rate influenced these multipole components only in the earlier period of the step. A possible countermeasure to such influence of magnetisation on the dipole component is the combination of the feedforward control of the current of the dipole or steering magnet and the feedback control of the current of the beam scanning magnets using the measured beam position. Experimental and theoretical studies on the responses (ΔB 1 ) to various repeated excitations in various magnets are needed to establish a concrete scheme of compensating the variation in B 1 . The striation of coated conductors, which intrinsically reduces magnetisation, might be another countermeasure. However, considering the quality control of striated coated conductors in long length, using monofilament coated conductors and controlling magnet currents might be a more practical approach. Compared with the dipole component, the higher multipole components were small, stable, and sufficiently reproducible as magnets in rotating gantries, for example, |b 3 |∼1.1×10 −3 and |Δb 3 |∼0.2×10 -3 in 10 s. where J cm is the minimum value of the local critical current density, and J 0 is a scale parameter. J cm is given by the minimum pinning force density F pm and magnetic field magnitude B using the following equation:
A . 2 pm cm ( ) = J 0 is derived from the typical pinning force density F pk , B, and J cm using the following equation: 
